Abstract Coal bed Methane (CBM), a primary component of natural gas, is a relatively clean source of energy.
Introduction
It has been widely accepted that emissions of greenhouse gases (GHGs) are the primary contributor to anthropogenic climate change (Lashof and Ahuja, 1990; Hook and Tang, 2013) . The atmospheric concentration of methane (CH 4 ) has increased to 1803 ppb by 2012, which is 2.5 times larger than the pre-industrial level M A N U S C R I P T
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2 (Bamberger et al., 2014; Li et al., 2015b) . In general, atmospheric methane originates from both anthropogenic and natural activities (Al-Amin and Kari, 2013; Warmuzinski et al., 2008; Su et al., 2005 Su et al., ,2011 . Among the various anthropogenic sources, methane emission from coal mining accounts for 8.9-12.8% (Cheng et al., 2011; Yusuf et al., 2012) . It is estimated that coal mine methane (CMM) emission would increase to 793 MtCO 2 e by 2020 (IPCC, 2007) . Approximately 85-90% of the total CMM emission comes from underground coal mines, a majority of which is from drainage systems and ventilation air (Karakurt et al. 2011; Baris, 2013) . Therefore, it is of crucial significance to develop corresponding techniques to reduce such high amounts of coal bed methane emission.
Since adopting the Policy of Reform and Opening-Up to the outside world in 1978, China has not only achieved exceptionally rapid economic growth but also became the 'workshop of the world' (Li et al., 2015b) . The primary, secondary and tertiary industries account for 9.2%, 42.6% and 48.2% of China's GDP in 2014, respectively. This industrial structure relies on an adequate supply of affordable energy consequentially. China's total proved coal, oil and natural gas reserves are 114.5 billion tons, 2.5 billion tons and 33 trillion cubic metres, respectively, indicating that its energy structure is characterised by rich coal reserve, and meagre oil and gas reserves (BP, 2014) . Coal accounts for approximately 70% of Chinese primary energy consumption in a long term.
Chinese coal production and consumption constituted 47.5% and 52% of total worldwide coal production and consumption in 2013, respectively (Nejat et al., 2015) . At present, China is the world's largest coal producer and consumer (Shealy and Dorian, 2010; Zhao and Chen, 2014) .
As shallow coal reserves in China have been exhausted by a rapid coal-production rate, coal mining level is deepening at an annual rate of 10 20 m (He and Li, 2012) . As a result, the high gas pressure and gas content in coal seams are becoming a key constraint on the deep high-efficiency coal mining in China (Li et al., 2015a; Ni et al., 2014; Wang et al., 2014; Liu et al., 2014c) . Gas drainage is an effective measure to solve the aforementioned problem. The main benefits of gas drainage in gas-rich coal seams are as follows: decreased environmental impact, an improvement in the health and safety of underground workforce and the production of a relatively clean source of energy (Wang et al., 2012a; Yan et al., 2015) . However, the permeability of coal seams in China is universally low. As shown in Fig. 1 , the permeability coefficients of Chinese raw coal seams are four orders of magnitude lower than that of American coal seams. From a geological viewpoint, a majority of coal seams in China took shape over the Carboniferous-Permian period, during which the coal suffered from strong tectonic movements and its original cracks were destroyed. Consequently, the coal structure became soft and complicated, which is not conducive to gas flow (Pan et al., 2015) . CMM in China is characterised by poor drainage performance Hao et al., 2014) . Therefore, measures should be taken to enhance the permeability of the high gassy and low-permeability coal seams.
Carbon dioxide capture and storage (CCS) technologies involve capturing CO 2 from anthropogenic sources, depositing it in suitable deep geological formations and isolating the gas from the atmosphere (Mazzotti et al., 2009; Budzianowski, 2012 Budzianowski, ,2013 . This is an effective and vital option for atmospheric CO 2 concentration control and climate change mitigation, which attributes to the continued utilisation of fossil fuels. Recently, the techniques for enhanced coal bed methane (ECBM) recovery have attracted wide attention. The enhanced gas recovery (EGR) technology using CO 2 injection was considered as a promising measure for realising the design of efficient null-greenhouse-gas-emission power plants fuelled by CBM extracted from deep coal seams (Gunter et al., 1997;  M A N U S C R I P T
3 Rodrigues et al., 2013) . Once injected into coal seams with sealing cap rock, CO 2 is adsorbed and retained permanently. Meanwhile, the injected CO 2 will displace coal bed methane owing to its higher affinity for coal, thereby enhancing the primary recovery of methane. Substantial research has been conducted to evaluate the storage capacity of coal seams (Saghafi, 2010; Pan and Connell, 2011) , understand adsorption/desorption dynamics during injection (Li et al., 2014a; Yu et al., 2014; Liu et al., 2014d) and characterise coal swelling and permeability (Mazumder and Wolf, 2008; Kiyama et al., 2011; Qu et al., 2012) . These investigations provide the experimental and theoretical basis for field tests and future commercial deployment of CO 2 -related enhanced coal bed methane (CO 2 -ECBM) recovery (Qin, 2008; White et al., 2005) . Obviously, this technique is not suitable for exploitation of deep high gassy and low-permeability coal seams due to the fact that the risk of coal and gas outbursts still exists after adopting this method (Lama and Bodziony, 1998; Sobczyk, 2014) . Several hydraulic techniques have been proposed to solve the aforementioned problem (Liu et al., 2014 Li et al., 2015; Yan et al., 2015; Wang et al., 2014b; Wang et al.,2015) . In this paper, novel integrated techniques of drilling-slotting-separation-sealing were elaborated. Initially, a modified coal-methane co-exploitation model was proposed. Based on the model, the proposed techniques were introduced via the following three methods: drilling-slotting integrated technique, coal-water-gas separation technique and sealing-isolation combination technique. Finally, field tests were conducted. The proposed techniques could significantly enhance coal bed methane recovery and substantially reduce the coal mine methane emission from drainage system and ventilation air, which makes them viable and highly efficient methods for the exploitation of deep coal seam with low permeability and high gas content. 
A modified coal-methane co-exploitation model
Coal and methane are two kinds of resources in a gas-rich coal seam (Karacan et al., 2011) . If methane resource only is exploited, it is difficult to drain coal bed methane. Likewise, if coal resource only is exploited, there is a risk of gas explosion and outburst due to the high gas concentration in coal seams. Moreover, the emission of methane into the atmosphere could have a serious impact on climate change Connell, 2012,2014) . Therefore, a coal-methane co-exploitation model was established by Wang and Cheng (2012b) 
solve the aforementioned dilemma. In this model, a coal seam with relatively lower gas risks is selected as an initial mining coal seam (Fig. 2) . Upon mining this coal seam, the gas pressure in the adjacent coal seams (top and below) are relieved, thereby increasing coal permeability, which facilitates high-efficiency methane drainage. Adjacent coal seams could become less gas-rich with the help of effective methane drainage, and thus, both coal and methane could be exploited simultaneously in a safe environment (Liu et al., 2013; Zhou et al., 2015) . The proposed coal-methane co-exploitation model could solve the gas problems in multiple coal seam mining and recover coal bed methane, thereby reducing the GHGs emissions. However, the high efficiency and safe mining in the initial coal seam under the gas-rich and low permeability condition is not taken into consideration in this model, i.e., there exists no coal seam with acceptable gas risks in multi-seam mining. Moreover, if the distances between the initial and adjacent coal seam are so large that the exploitation of initial coal seam cannot fully relieve the pressure of adjacent coal seams. Thus, a modified coal-methane co-exploitation model was put forward (Fig. 3) . In the modified model, the integrated techniques of drilling-slotting-separation-sealing is adopted to reduce the gas content and eliminate the risk of gas burst in the initial/adjacent coal seam. As a result, high-efficiency production and mining safety are achieved in both the initial and adjacent coal seams. The pressure relief of adjacent coal seam through the initial coal seam has been investigated in detail and the related techniques are relatively mature (Yang et al., 2011a (Yang et al., ,b, 2014 Zhou et al., 2015; Liu et al., 2013; Suchowerska, et al., 2013; Guo et al., 2012) . In this study, we introduce novel integrated techniques involving drilling-slotting-separation-sealing (Fig. 4) . The techniques, aiming at achieving high efficiency and safe mining in the initial coal seam, are composed of the following three key steps: drilling-slotting integrated technique, coal-water-gas separation technique and sealing-isolation combination technique. Correspondingly, the instruments for dual-power drilling (used before slotting) and coal-water-gas separation (used during slotting) are developed. Besides, the novel sealing material (used after slotting) and related instruments are also developed for effective sealing. Those aforementioned techniques are elaborated in following sections. Fig. 2 . A schematic diagram of coal and gas exploitation for multiple gas-rich coal seams (Yuan et al., 2009) 
Drilling-slotting integrated technique

Steps involved in drilling-slotting
The drilling-slotting integrated technique is an organic combination of mechanical drilling and water-jet slotting. As shown in Fig. 5 , the procedures of this technique can be summarised as follows: The coal is broken and an advanced weakening zone on the coal surface is formed via water-jet impact. The strength of coal in this zone lowers significantly (Sitharam 1999; Yin et al., 2015) . Subsequently, the coal can be easily crushed by a mechanical blade. When the mechanical drill reaches the pre-determined location, the drill pipe is pulled outwards and several slots around borehole are cut by using high-pressure water jet. 
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Dual-power drilling
The dual-power drill (Fig. 6a, b ) plays a crucial role in the process of drilling and slotting, which works via the cooperation of the mechanical blade, nozzles, springs and solid plastic balls. When the water with relatively low-pressure flows into the drill, spring 1 and spring 2 are compressed. The water is ejected out through nozzle 1 and nozzle 2, which is conducive to the rapid drilling. If the pressure of water is over a critical value, spring 1 is fully compressed and all the water is ejected out through nozzle 2, which contributes to the effective slotting. In most cases, the convergent-straight nozzle ( Figure 6c ) is used (Lu et al., 2010) . In Fig. 6 , α is the convergence angle, S is the length of convergence, L is the length of outlet cylinder and d is the outlet diameter. Pictures in Fig. 7 show the comparison of boreholes drilled by conventional drilling and dual-power drilling.
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The mass ratio of the crushed coal, cement and gypsum in the specimens is 1:35:35 (Huang et al., 2011) . The size of the specimens is 1 m × 1 m × 1 m. The compressive strength and elasticity modulus are 12.4 MPa and 1.5 GPa.
The pump pressure is 20 MPa. It can be seen in Fig. 7 that the diameter of the borehole enlarges significantly, which is conducive to the timely discharge of the crushed coal. During dual-power drilling, an inverted cone-shaped coal pillar is formed. The elimination of coal pillar's confining pressure is attributed to the reduction in yield stress Yin et al., 2015) . Thus, this rock pillar is easily broken by a mechanical drill, which substantially increases the drilling velocity. An advanced weakened zone is the key factor in achieving successful results with dual-power drilling, the formation of which depends on the matching of the mechanical-drill-induced coal breaking and water jet. As shown in Fig. 8 , when a is above b, the coal breaking caused by mechanical drill exceeds that of water jet. In this case, the advanced weakened zone could not form and the advanced depressurisation conditions could not be achieved. By contrast, when a is below b, the coal breaking resulted from water jet exceeds that of mechanical drill. In this case, the advanced weakened zone is formed and the confining pressure is fully eliminated, and thus, enabling rapid drilling. In this figure, a is the distance between nozzle 1 and the most distant point of dual-power drill; b is the projection of water jet erosion length. From the aforementioned analysis, it can be seen that the length of slots x is a key parameter for realisation of dual-power drilling, which is derived as follows (The derivation process is Therefore, the realisation condition of dual-power drilling is
Besides, given the guarantee of timely discharge of crushed coal, the flow of water jet should satisfy the following condition:
where u w is water jet velocity, D is diameter of borehole and d is diameter of drill pipe.
Water jet slotting
Permeability is a vital index for measuring the difficulty of gas flow in coal, which directly influences the effect of gas drainage. Its influencing factors are complex, including its inherent characteristics, confining stress, adsorption property and gas pressure (Zeng et al., 2014; Ghabezloo et al., 2009) . The effective stress is a comprehensive expression of confining stress and gas pressure (Jasinge et al., 2011) . It can be seen from Fig. 9 that in the process of loading, the increase in effective stress results in rapid decrease in permeability Meng et al., 2015; Yin et al., 2015) . However, the permeability is enhanced substantially at critical effective stress under the condition of unloading. Thus, confining stress relief under a certain gas pressure is an effective measure to improve the permeability and the effect of gas drainage. As shown in Fig. 10a , when a borehole forms, its surrounding stress is re-distributed (Ishida and Uchita, 2000) . Consequently, stress concentration occurs near the borehole, and thus, the permeability is so low that it is difficult for the gas to flow into the borehole, forming the bottleneck effect. Therefore, the gas drainage through conventional borehole is constrained by low efficiency and larger construction quantity. Generally, the gap between two adjacent boreholes is 3 5m and there are normally 40 50 boreholes in a single drilling site (Fig.   11 ). The water jet slotting technique is proposed to break the bottleneck effect. When the water jet is ejected out from the generator, it cuts several slots on the borehole wall (Fig. 10b) . The slots are equal to extremely thin protective coal seams Yang et al., 2011b) . The pressure around the borehole is relieved and numerous new fractures initiate, propagate and coalesce, forming a fracture network, which could provide a relatively wide pathway for the gas migration (Fig. 10c) . As a result, a great deal of gas flows into the borehole through fractures and slots. Thus, the high-efficiency gas drainage is achieved. 
Coal-water-gas separation technique
The-ejection of coal and gas from a borehole is such a process that coal collapses in a quasi-equilibrium state and high speed mixture of coal and gas is ejected out between the drill pipe and borehole wall (Ji, 2014; Liu et al., 2014a) . It is normally caused by the disturbances, e.g. vibration of drilling borehole. The uncontrollable coal and gas ejection could lead to rapid gas accumulation in underground workplace, posing a threat to the safety of miners.
In the process of slotting, the disturbance is caused by the impact of water jet and subsequent erosion. Initially, the distance between the water jet and the borehole wall is extremely small, which results in a great deal of energy dissipation . When the disturbance is weak and the coal mass is under a relatively stable state.
The crushed coal is gradually discharged and the gas concentration in drilling site is at a normal level (<1% in volume fraction). As the distance from the nozzle to the coal gradually extends, the coal-breaking performance of water jet improves by a large margin. The disturbance is intensive and the coal mass becomes instable. The pressure in the borehole will gradually increase, if the crushed coal is not discharged in time and detained in the borehole. When the pressure reaches a critical value, a large amount of coal with gas is ejected out. In this manner, the ejection occurs intermittently. If no measures are taken immediately, the local gas concentration will increase to upper limit, such as the explosion limit on occasion. For sake of safety, slotting will be forced to cease. Moreover, the ejected gas could mix with the roadway airflow and be discharged into the atmosphere. In this sense, coal and gas ejection is also a source of greenhouse gas emission in underground mining. Therefore, measures must be taken to deal with the coal and gas ejection.
In this paper, an instrument of coal-water-gas separation in water jet slotting is developed to solve the aforementioned problem. As shown in Fig. 12 , this instrument consists of three sections, namely, coal-water-gas reception, coal-water-gas separation and gas collection/water circulation. With regard to the section of coal-water-gas reception, two basic requirements should be satisfied: The gap between the instrument and borehole should be sealed to avoid the gas leakage at the borehole orifice and the instrument should be adapted to boreholes with various angles and heights. The orifice sealer and flexible duct are designed to meet these two requirements, respectively. Besides, the flexible duct can be fixed at the roadway wall by iron wire or bolt through suspension loop. In general, injecting cement paste is adopted in the conventional method. In this method, the special injection instrument is needed and the gas leakage could occur due to the shrinkage of cement paste. By contrast, the proposed method is more convenient and reliable. The mixture of coal, water and gas flows through the coal-water-gas reception section and enters the coal-water-gas separation section. The principle of swirl M A N U S C R I P T
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11 separation is adopted in this instrument (Pisarev and Hoffmann, 2012; Xue et al., 2013) . The mixture is swirled by the swirler. Due to the density difference of coal, water and gas, coal concentrates at the inner wall of the instrument and converges at the automatic slag discharge door. The water is mainly penetrated through the cone-shaped filter and flowed out. The water outfall is connected to the water tank in the emulsion pump. Thus, the water is circulated in the whole system, which solves the problem of water accumulation in the lower workplace.
The majority of gas is aggregated in the centre of the instrument. With the help of sub-pressure generated by gas drainage pump, the gas is collected by the suction cone and flows into the gas drainage pipe though the filter screen.
Besides, the hemisphere-shaped gas-collecting chamber is used to collect the gas near the inner wall. Generally, this instrument is characterised by safe and highly efficient for coal-water-gas separation, which is necessary for smooth implementation of water jet slotting. 
Sealing-isolation combination technique
Coal-water-gas reception
Coal-water-gas separation Gas collection and water circulation M A N U S C R I P T
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After water jet slotting, the borehole should be sealed and gas drainage should be conducted under subpressure conditions. However, the crustal stress re-distributes after the formation of borehole and the coal mass around the borehole deforms accordingly. Generally, the deformation region can be divided into the following three zones based on the state of coal mass: fragmentation zone, plastic zone and elastic zone, which are indicated as , and in Fig. 13 (Hao et al, 2012) . In the plastic zone, the deformation is irreversible and many fractures develop, which is unfavourable for the borehole sealing. The radius of this zone can be derived using the following equation (Wang et al, 2008) :
where a is radius of borehole, p is initial crustal stress, c is the cohesive force of coal and ϕ is internal friction angle.
Generally, the variables p, c andϕ are constants for a certain coal/rock. Hence, it can be found from the Eq. (4) that the radius of the plastic zone is proportional to the radius of borehole. In the process of dual-power drilling, the radius enlarges, and thus, the plastic zone is larger than the conventional drilling. Therefore, high-quality sealing is crucial for the recovery of high-concentration gas. used in approximately 66.6% of China's coal mines (Zhai et al, 2013) . However, as shown in Fig. 14 , their fatal weakness is shrinkage and cracking after sealing, which leads to serious air leakage under the pressure differences between the exterior and interior sides of the borehole. Besides, flow performances of those two materials are poor.
As a result, the fractures far from the borehole are not readily filled. Therefore, it is imperative to develop a new sealing material to achieve high-quality sealing. Microencapsulation is a technique of gas, liquid and solid encapsulation using a continuous thin film made of natural or synthetic high-molecular compound, which is applied to maintain the chemical property of the target object (Piva et al., 1997; Masuko et al., 2008) . In general, the outer membrane of the capsule directly aggregates on the target object, forming an irregular microcapsule. The average diameter of the microcapsule ranges from1µm-to5000µm. In this method, the function of the target object could be gradually exerted by outside stimuli and controlled release. To improve the capacity of sealing material, we propose a novel cement-based composite sealing material, which is applied based on the microcapsule technique. The new sealing material is an organic combination of swelling agent and polymer. Besides, some thickening materials and water-retention materials are also added. Initially, the new sealing material is dilute and has good fluidity, which is conducive to grouting. After 5-7 h, the material gradually becomes dense, its volume enlarges and strength improves. After 28 h, the material is solidified into a flexible solid, and the material remains in this state for a long time. As depicted in Fig. 15 Furthermore, the sealing-isolation combination method is proposed to seal the borehole. The general steps of this method are as follows. Firstly, the slot is generated in the sealing section of borehole. Subsequently, the new sealing material is injected into the sealing section and penetrates into the fractures around the borehole and slot. In this manner, an airfast wall forms in the sealing section (Fig. 17) . Therefore, the air in the roadway could not flow into the borehole under the subpressure. Thus, the high-concentration gas is guaranteed. 
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Procedures of drilling-slotting-separation -sealing integration techniques
As shown in Fig. 18 , obtaining the basic information such as coal seam occurrence conditions before making construction scheme of drilling-slotting-separation-sealing is very important. Once the scheme is determined, the underground construction could be implemented. For one borehole, the subprocedures are as follows: (1) installation of coal-water-gas separation instrument. (2) Drilling with the assistance of water jet. (3) When the borehole crosses the coal seam, water-jet slotting is conducted in the coal section. When the borehole is passes below the coal seam, water-jet slotting is performed outside the safe coal section. Meanwhile, the coal-water-gas separation instrument is used for gas collection and water circulation. (4) When the slotting is completed, the drill pipe is pulled to the sealing section for cutting a slot. (5) The new sealing material is injected and then the gas drainage is conducted. Likewise, other slotted boreholes can be implemented. 
Study site and problems
The Pingdingshan coalfield is located in the western Henan province, China (Fig. 19 a,b) . A roadway for gas drainage below the mechanical roadway in mining area no. 13031 of coal mine no. 13 in this coalfield is chosen as M A N U S C R I P T
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16 the study site (Fig. 19c) . The mining area no. 13031 measures 149.5 × 421.2 m. The burial depth of the mining area is 587.5-637m. The thickness of coal seam is 5.0 6.7m. The dip angle of coal seam is 8°-12°. Both the roof and floor are made of sandstone and their thicknesses are 9.8-14.78m and 4.19-11.9m, respectively. The maximum gas pressure and content are 2.5MPa and 15.9m 3 /t, respectively, which indicate that the coal seam is at risk of outburst due to the fact that those two values are both over the critical values specified in the State Regulation of Coal and
Gas Outburst Prevention and Control of China (Zou et al., 2014b) . As shown in Fig. 19d and e, thirteen original cross-measure boreholes were made in every row and the distance of the adjacent rows is 5 m. After gas drainage for approximately 1 year via the cross-measure boreholes, the residual gas content of the coal seam was measured and the maximum content was 12.33 m 3 /t, which is still higher. During mechanical roadway excavation, the gas dynamic phenomenon is frequent and the gas concentration is approximately 0.8 in volume fraction. Therefore, it is difficult to construct the roadway rapidly and a large amount of gas will be directly discharged into the atmosphere. 
Slotted borehole arrangement and construction
To solve the aforementioned problem, the drilling-slotting-separation-sealing integrated technique was adopted. As shown in Fig. 20 , the slotted boreholes were arranged in every row and at the centreline of the adjacent rows. The slotting is only performed in the coal section. It should be noted that only three rows of slotted boreholes are displayed in Fig. 20 , as it is unnecessary to go into details of all the slotted boreholes, but we actually drilled 13 rows of boreholes successfully. In this paper, only a row of slotted borehole and three conventional boreholes were elaborated as examples. 
Variation in gas concentration in drilling site
Four adjacent slotted boreholes are selected to examine the efficiency of the coal-water-gas separation instrument.
Two boreholes (designated as SY1 and SY2) were drilled and cut under the protection of the coal-water-gas separation instrument. By contrast, the other two boreholes (designated as WSY1 and WSY2) were drilled and cut without this instrument. The maximum gas concentration at various locations from the slotted boreholes were recorded and depicted in Fig. 21 . It can be seen from Fig. 21 that the maximum gas concentration in the two boreholes drilled using the proposed instrument decreases substantially. At these sites, gas collection is significant and safety of the drilling site were guaranteed (It should be noted that the gas, approximately 0.1 in volume fraction, also exists in inlet fresh air.). 
Variation in the gas concentration of slotted borehole and the adjacent conventional boreholes
The radical measure of reducing underground gas emission is to drain the gas as soon as possible before beginning coal mining and the drained gas concentration is a fundamental index for the evaluation of the gas-drainage effect. To compare the gas drainage effect of the slotted borehole and conventional borehole, the changes in gas concentration of these two types of boreholes are examined and displayed in Fig. 22 . It can be seen from the figure that a high level of gas concentration is maintained in slotted boreholes after gas drainage for more than 40 days. By contrast, the gas concentration of conventional boreholes decreases rapidly. To analyse the gas concentration difference between slotted boreholes and conventional boreholes quantitatively, we calculated their 
Conclusions
In this paper, a modified coal-methane co-exploitation model is proposed to achieve enhanced coal mine methane recovery, which subsequently improves mining safety and reduces coal mine methane emission. Novel integrated techniques of drilling-slotting-separation-sealing were then applied to achieve the desired results.
Finally, the field test was conducted to evaluate the efficiency of the proposed method. Primary conclusions of this study are as follows:
(1) The modified coal-methane co-exploitation model is a better choice for improving mining safety and reducing coal mine methane emission. The proposed drilling-slotting-separation-sealing techniques are effective for the exploitation of initial (single) coal seam.
(2) Relief of confining pressure contributes to the substantial decrease in coal compressive strength and significant enhancement of coal permeability. The water jet impact the coal in advance to form the advanced weakening zone and the drilling resistance of mechanical drill lowers with large margin. In this manner, the rapid drilling is realised. Moreover, enhancing the coal permeability improves gas-drainage performance.
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(3) Based on the principle of swirl separation, a coal-water-gas separation instrument is developed to eliminate the risk of gas accumulation during slotting and reduce the gas emission from the ventilation air. This instrument includes three components, namely, coal-water-gas reception, coal-water-gas separation and gas collection and water circulation.
(4) Air leakage is a crucial factor influencing high-concentration gas drainage in conventional sealing. Based on the microcapsule technique, a novel cement-based composite sealing material is developed to improve the capacity of sealing material. Furthermore, a novel sealing-isolation technique was also proposed.
(5) Results of field test indicate that the maximum gas concentration in the drilling site substantially decreases after using the coal-water-gas separation instrument. The effect of gas collection is significant and the safety of the drilling site is guaranteed. In addition, the gas concentration in slotted boreholes is 1.05-1.91 times larger than that in conventional boreholes. Thus, the proposed novel integrated techniques achieve the goal of high-efficiency coal bed methane recovery.
Appendix A. Derivation of Eq.(1)
The water jet with high initial velocity u 0 spurts out of the nozzle, forming a discontinuous surface with the surrounding fluid. The fluctuation is induced by the unstable surface, which evolves into vortexes. Consequently, the still air is involved in the water jet. With the further development of the turbulent fluctuation, increasing amounts of still fluid are entrained, which results in the decrease of flow velocity at the water jet edge (Dong, 2005) .
As shown in Fig. A.1 , according to the flow velocity along the axis, the water jet can be divided into three distinct regions, namely, the initial, transitional and main regions (Guha et al., 2011) . In most cases, the main region is used in the slotting process owing to the fact that the length of the initial region is extremely short (Beltaos and Rajaratnam, 1973) . In the main region, if the viscous tangential force is ignored, the momentum flux (J) conservation in the cross-section of water jet can be derived as follows (Zhang, 2011) :
where u is axial velocity; r is cross-sectional radius; ρ is water density; u 0 is the outlet axial velocity and r 0 is outlet radius.
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The cross-sectional velocity in the main region is similar (Landa and McClintock, 2004) , and is expressed as follows (Dong, 2005) :
where u m is maximum axial velocity and b e is the intrinsic semi-thickness of water jet. Assuming that the thickness of water jet extends linearly namely b e = kx (Lu et al., 2015) , the following equation can be obtained: Coal/rock breaking by water jet is a complicated process and affected by various factors, which mainly includes the properties of coal/rock (structural characteristic, heterogeneity, wave resistance and property of elasticity and strength) and water jet (impact pressure, standoff distance, transverse speed and impact angle) (Zou et al., 2014a) . For simplicity, the property of coal/rock is represented by dynamic strength and wave resistance and the property of water jet is represented by impact pressure, impact velocity and wave resistance. The breaking criterion that coal/rock breaking occurs when the impact pressure is above the dynamic strength of coal is adopted . Thus, the critical velocity of coal/rock breaking can be derived using the internal relationship between water jet and coal/rock.
Water and coal/rock are both compressive. When the water jet impacts coal/rock, the velocity jump of mass point can be expressed as:
where u 1 is the velocity jump of mass point in water jet; u 2 is the velocity jump of mass point in coal/rock; V impact is impact velocity.
The relationship between velocity of mass point in coal/rock and impact pressure can be expressed as follows (Xu and Yu, 1984) : ρ is water density; a 1 is wave velocity in still water under atmospheric pressure and k 1 is water jet coefficient.
It can be derived from the equilibrium condition at boundary layer of solid and liquid (Hsu et al., 2013) . The dynamic compressive strength of coal/rock R DCS can be obtained from the aforementioned breaking criterion. Eq. (10) shows that the impact velocity V impact of initial coal/rock breaking correlates with the property of coal/rock (dynamic compressive strength R DCS , density and wave velocity) and water jet (density and wave velocity).
If V impact =u m , we can obtain the length of slot x. 
